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SUMMARY AND ABSTRACT 
A s  an a i r c ra f t  approaches the ear th  a l l  points on t h e  ground appear t o  
the  p i l o t  t o  expand radial ly  out from a s ta t ionary point on the  ground toward 
which the  a i r c r a f t  is aiming. 
expansion, he knows precisely the  point on the  ground toward which h is  air- 
c r a f t  is a i m i n g .  Ekperimental evidence is presented as t o  how precisely a 
p i l o t  can actually detect  t h i s  aim point. 
f i e l d  of view always moves rad ia l ly  out from the aim point, it is necessary 
t o  know only t h e  magnitude of the veloci ty  a t  any point t o  specify the pat tern 
of motion seen by the  p i lo t .  This w a s  done by p lo t t ing  contours of equal 
angular rate. The hypothesis w a s  then made that the expected e r ro r  i n  detect-  
ing the a i m  point would be a l inea r  function of the angular distance from 
t h e  aim point t o  some threshold angular rate. 
mental study i n  which subjects viewed a pattern of dots t h a t  simulated the 
apparent expansion pattern of t he  ground tend t o  confirm t h i s  hypothesis. 
If the p i l o t  can detect  t h i s  point of zero 
I 
Since any point i n  the  p i l o t ' s  
I n i t i a l  resu l t s  of an experi- 
INTRODUCTION 
, 
A basic problem i n  psychology has been t o  determine the v isua l  cues 
humans and other animals use t o  control t h e i r  movement through t h e i r  environ- 
ment. 
and move about i n  three dimensions instead of t he  more usual two. 
cues used i n  two dimensions become inadequate and the  p i l o t  i s  forced t o  
u t i l i z e  new cues.1J2 
t o  by the  large number of accidents a t t r ibu ted  t o  "perceptual error." 
This problem received new importance as men began t o  p i l o t  airplanes 
Many of  the  
That these cues are not always suf f ic ien t  can be a t t e s t ed  
As a specif ic  example, consider the task of landing an a i r c r a f t .  Analysis 
of t h e  v isua l  cues available shows that a "perfect" p i l o t ,  ( i  .e., a nonexistent 
being t h a t  could make error less  perceptual and control decisions) can extract  
from the  visual  f i e ld  a l l  t he  information necessary t o  control and land the  
a i r c r a f t .  For example, if the intended touchdown point is  kept 3' below the  
horizon, t he  a i r c ra f t  w i l l  s t a y  on a 3' gl ide slope. The posit ion and orien- 
ta t ion  of the  horizon indicates the p i tch  and r o l l  a t t i t ude  of the  a i r c r a f t .  
The shape and apparent s i ze  of the  runway give redundant g l ide  slope informa- 
t i on  as 
observer. When motion i s  
added the  perfect p i lo t  can extract  the  derivatives of these cues from the  
visual  f i e l d .  Also, when motion is added, a whole new set  of cues becomes 
available.  J. J. 
relationships between physical motion of the  observer's body and r e t i n a l  
motion of the projected environment t h a t  the  lat ter provides, i n  f a c t ,  t he  
chief sensory guide f o r  locomotion i n  space." One of the cues that Gibson 
discusses is  the  one of concern i n  this paper. 
from the  point on the ground toward which the  a i r c r a f t  is aiming ( i  .e., the  
point where t h e  aircraft veloci ty  vector in te rsec ts  t h e  ground plane) .  
point of zero expansion is  an exact indicator of t h e  point on t h e  ground 
toward which the  perfect p i l o t  i s  heading. 
t o  move down t h e  runway away from t h e  threshold, the  perfect  p i l o t  knows t h a t  
h i s  rate of descent i s  too  low and can take corrective action. 
provides the  p i l o t  w i t h  valuable information on t h e  rate of change of altitude. 
well as further information on t h e  posit ion and a t t i t u d e  of the  
The above cues a l l  hold f o r  a s ta t ionary observer. 
has pointed out tha t  "so s t r i c t  are the  geometrical 
This cue is  based on t h e  f a c t  
I t h a t  a l l  points on the ground appear, t o  t he  p i l o t ,  t o  expand rad ia l ly  out 
This 
If, f o r  instance, t h i s  point begins 
The cue thus 
2 
Although a l l  these cues and many others a r e  avai lable  f o r  use by the 
perfect  p i l o t ,  it is not well known with what precision a r e a l  p i l o t  can ex t rac t  
the same infomation from the  v isua l  f i e l d .  I n  some cases h is  a b i l i t y  t o  
perceive t h e  information is c lear ly  inadequate since most p i l o t s  would consider 
it an almost impossible task  t o  land a large a i r l i n e r  with v isua l  cues alone. 
Additional information on a t  l e a s t  airspeed appears t o  be essent ia l .  
This paper is addressed t o  the  problem of experimentally determining how 
accurately a p i l o t  can detect  the zero point of expansion i n  the f i e l d  of view 
and thus h i s  aim point.  
of the  v isua l  stimulus. 
This accuracy w i l l  be related t o  quant i ta t ive measures 
AP posi t ion of aim point on the ground 
D distance from 0 t o  AP 
h a l t i t u d e  of observer 
0 pos it ion of observer 
P 
V dD/dt 
any point on the  ground 
(a,r) angular coordinates of P 
P angle of approach of observer 
6 angle from AP t o  P 
6 d 6/dt 
MATHEMATICAL MPRESSIONS AND HYPOTHESIS 
The first s tep  i n  determining how accurately a p i l o t  can determine h is  
aim point from visua l  cues i n  h is  expanding f i e l d  of view is  t o  quantify the 
v i sua l  stimulus. Since any point in the  p i l o t ' s  f i e l d  of view always moves 
r ad ia l ly  out from the aim point,  it is only necessary t o  know the  magnitude 
of t h e  veloci ty  a t  any point t o  completely specify the  pat tern of motion seen 
by t h e  p i l o t .  This was done by plot t ing contours of equal angular r a t e .  
3 
R, OBSERVER 
h 
ANGULAR CORDINATES 
P 
Figure 1.- Geometry for angular r a t e  and contour radius formula. 
From Figure 1 w e  can derive t h a t  
1/ 2 
6 =  
V r ( l  - cos2 a cos2 p )  
D2 + 1? - 2D r cos a cos p 
If p = 90' t h i s  simplifies t o  
. -1 T 
. L V  6 =  
I? + r2 
Solving equation (1) f o r  r gives an expression f o r  the contour of a l l  
points on the ground moving at  a constant angular rate. 
v 
1 
r = D cos a cos p + - (1 - cos2 a cos2 p )  1 26 
.( [D cos a COS p + - v (1 - cos2 a cos2 p )  
26 
(3) 
If p = 90' this  simplifies t o  
and the  contours become c i rc les  independent of a. 
i n  terms of 6 in  equation ( 5 )  t o  show tha t  the  r a t i o  D/V completely 
spec if ies the  pattern. 
Equation ( 4 )  is expressed 
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These equations are similar t o  those derived by Gibson,' Haveron,', and 
General Electr ic  .' 
Figures 2 and 3 represent the pat tern of motion seen by the  p i l o t  at  
two phases i n  a landing approach. 
ing the contours obtained from equation ( 3 ) .  
be considered i n  t h i s  paper, t he  contours become c i r c l e s  with a rckd i l l~  equal 
t o  the  angular dist,ame from t he  aim point t o  t h e  contour along a horizontal  
l i n e  through the aim point. 
They were derived by perspectively transform- 
For the v e r t i c a l  case which w i l l  
AIM WINT, I HORIZON, 
Figure 2.- P i lo t ' s  view of constant angular veloci ty  contours f o r  B = 3 deg. 
r0.0522 rad], D = 6000 f t  [1970 m], V = 200 f t /sec C65.6 m/sec] and 
D/V = 30. 
point is 1000 f t  [328 m] from the  runway threshold. 
min of arc/sec. "he crosshatched area is described in  the text. 
The runway is 1% f t  X 10,000 f t  c49.2 m X 3280 m ]  and the  aim 
The contours a re  i n  
Figure 3.- P i lo t ' s  view of constant angular veloci ty  contours f o r  B = 3 deg. 
The runway is  lp f t  X 10,000 f t  [49.2 m X 3280 m] and the aim 
[0.0322 rad], D = 1500 f t  [492 m], V = 200 f t / s ec  C65.6 m/sec] and 
D/V = 7.5. 
point i s  1000 ft [328 m] from the runway threshold. 
min of arc/sec. 
The contours a re  in  
The crosshatched area is described i n  the  t e x t .  
The magnitude of t he  angular rates at the subject 's  eyes, and some simple 
The angular e r ror  i n  locating the  exact aim point 
assumptions about the  subject '  6 behavior and perceptual l imitat ions lead t o  
the  following hypothesis: 
w i l l  be l inear ly  re la ted t o  the  angular distance from the aim point t o  some 
5 
par t icu lar  contour on t h e  isoangular veloci ty  p lo ts .  
contour f o r  some salal1 angular rate should out l ine a region of confusion i n  
which it would be expected t h a t  most of the  subject ' s  a i m  point judgements 
would fa l l .  
behavior t h a t  w i l l  lead t o  t h i s  l i nea r  hypothesis. F i r s t ,  t he  subject may 
look f o r  an area of no perceptible motion and guess within t h i s  area. 
the  subject may look a t  various points located outside the  region i n  which 
there  is  no perceptible movement and estimate the  point away from which they 
are moving. 
of movement of the points is a l i nea r  function of the  veloci ty  of the  points,  
then this too w i l l  lead t o  the  prediction tha t  angular e r ro r  i n  detecting the  
aim point should be a l i nea r  function of some contour radius. 
made a similar hypothesis and by compiling psychophysical data  on veloci ty  
thresholds he estimated t h a t  an upper angular rate threshold might be 10 min- 
utes of arc  per  second (2.91 mrad/sec). The area outlined by t h i s  contour 
is shown by the  crosshatched area on figures 2 and 3 .  
In  par t icu lar ,  the 
There a r e  a t  least two reasonable assumptions about t he  subject ' s  
Second, 
If the standard deviation of t he  e r ror  i n  detecting the  direct ion 
Dean Haveron' 
Haveron's resu l t  l e f t  the  answer t o  t he  question of t he  value of the 
expendkg gradient cue t o  alm point somewhat i n  doubt s ince,  as can be seen 
i n  figures 2 and 3 t h e  10 min/sec (2.91 mrad/sec) contour outlines the en t i r e  
runway during a large pa r t  of the  approach, and it would not seem tha t  the  
aim point could be detected with high enough accuracy t o  be of much use t o  the  
p i lo t .  Bveron. points out that one problem with h is  study is  that it is  based 
on threshold f o r  veloci ty  detection determined by having subjects observe one 
of two small s t i m u l i  which move f o r  br ief  periods of time. Therefore, the  
poss ib i l i ty  exists tha t  p i lo t s  might make use of v i sua l  spa t i a l  and temporal 
summation when the whole f i e l d  of view is moving. 
i n  t h i s  paper are  addressed t o  t h i s  question. 
The two experiments reported 
METHOD 
The goal of t h e  experimental program w a s  t o  allow subjects t o  make actual  
aim point judgements, thus providing more d i r ec t  information on human a b i l i t y  
t o  detect  an aim point than tha t  provided by inferences based on psychophysical 
thresholds f o r  velocity detection. 
dots f i l l i n g  a square 30' (0.522 rad) f i e l d  of view. 
the  pat tern of motion a p i l o t  would observe during a v e r t i c a l  descent at  various 
ra tes  of closure. A v e r t i c a l  approach w a s  chosen over a more typical  a i r c r a f t  
approach of 3 O  because other cues the subject might use t o  estimate the  loca- 
t i on  of t he  aim point could be eliminated. 
v e r t i c a l  approach t h e  r a t i o  of the  distance from the  a i m  point t o  the  veloci ty ,  
D/V, completely characterizes the  pat tern of motion. Therefore, though i n  t h e  
actual  experiment the  f i n a l  distance remained f ixed and the  veloci ty  varied 
f o r  t he  different  conditions, t he  results apply t o  any combination of distance 
and veloci ty  w i t h  t he  same ra t io .  By keeping the  f i n a l  distance constant it 
w a s  possible t o  have the  dots always spaced 2' (0.0348 rad) apar t  at  the  end 
of each tr ial .  
Subjects were presented w i t h  an array of 
These dots simulated 
Equation (3 )  shows that f o r  a 
In  both experiments subjects sat i n  an enclosed booth with t h e i r  eyes 
The subject pushed a button and the  dots appeared 
18 inches from a rear projection screen. 
array of dots appeared. 
t o  start  moving "toward" the  subject,  expanding about a randomly chosen a i m  
point. After a cer ta in  length of time (3 sec i n  t h e  f i rs t  experiment), t he  
A t  t he  start of each t r ia l  a square 
6 
,. 
L -  
a 
a 
dots stopped and a tracking dot appeared. 
x-y control ler  t o  the point he e s t i m t e d  t o  be the  aim point and then pushed 
a second button. 
t o  show him the ac tua l  t h e  aim point. 
such trials the  veloci ty  of approach w a s  changed and a new condition began. 
Each session had f i v e  conditions and took about 20 minutes. 
were completely automatic with all data reduction and experimental control 
handled by a small d i g i t a l  computer and the  display and perspective transforma- 
t ions performed by an analog computer. 
In  the  f i r s t  experiment the  single experimental var iable  w a s  the  D/V 
r a t io .  The D/V ra t ios  used (60, 30, 15, 7.5, 3.75) encompassed the  range 
encountered by a p i l o t  on a f ina l  approach. Patterns f o r  a D/V r a t i o  of 
30 and 7.5 a re  shown i n  f igures  2 and 3. 
f irst  experiment. They were to ld  t o  imagine t h a t  they were moving toward the  
dot pat tern and t o  estimate t h e i r  impact point. 
sessions, plus addi t ional  pract ice  before each da i ly  session and before each 
condition within a session. "he f ive  D/V conditions and f i v e  data sessions 
were arranged i n  a balanced Latin Square. 
per  condition f o r  each subject.  
The subject moved t h i s  dot with an 
His e r ro r  was automatically recorded and a second dot appeared 
The trial w a s  then repeated. After 23 
"he experiments 
Eight male subjects were used i n  t h e  
Each subject had two pract ice  
Thus, there  were 100 data points 
s= 
$ 4  
$ 2 -  
9 
a 
: 
In  the  second experhent  three subjects who par t ic ipated i n  the  first 
experiment were used and the variable of viewing time w a s  added. 
were 1.5, 3.0, and 6.0 seconds. 
of t h e  first experiment. 
time. There were f i v e  V/D conditions per session and 20 trials per session 
giving a t o t a l  of 60 trials per  time-D/V 
These times 
The 3-second condition served as a repl icat ion 
Each subject had three sessions a t  each viewing 
Condition. 
- 
- 
- -- AVERAGE 
I 1 1 I I I 
RESULTS 
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S t a t i s t i c a l  analysis showed that the differences between t h e  D/V 
conditions were significant (P = 0.001). 
subjects were a l s o  signif icant  (P = 0.01). 
p lo t  of t he  ave e subject e r ro r  f o r  each condition and session WB8 made. 
The two lowest TV conditions showed a s l i g h t  but s ign i f icant  (P = 0.01) 
decrease i n  e r ro r  of about O.3O f r o m  session 1 t o  session 5.  
t ions  showed no s ignif icant  e f f ec t .  
t o  tes t  the  hypothesis that angular error i n  detecting the  aim point is l i nea r ly  
re la ted t o  some contour radius, i n  par t icu lar  the 10 min/sec ( 2 . 9  mrad/sec ) 
contour. 
The individual differences between 
III order t o  test  f o r  learning a 
The other condi- 
Straight  l ines  were f i t t e d  t o  the  data 
These results plus correlat ion coeff ic ients  a r e  presented i n  t ab le  I. 
TABLE I.- LEAST SWARFS STRAIGIIT LmE FITS TO THE DATA FOR EXPERIMENT 1 
1-0 
2 - 0  
3 - 0  
4 - A  
5 - 0  
6 - 0  
7 -  0 
8 - 0  
.36 
.32 
.26 
.24 
.22 
.40 
.34 
.?D - 
1.79 
1.72 
1.61 
1.71 .98 
Figure 5 shows the  average performance of three subjects with time as a 
parameter. 
j ec t s  on the f i r s t  experiment where the  viewing time w a s  a l so  3 seconds. 
curves f o r  the different  viewing times show a s l i g h t  decrease i n  e r ro r  as view- 
ing time is increased, but t he  improvement w a s  only s igni f icant  f o r  the  
D/V = 3.75 and 7.5 conditions. 
The broken l i n e  is  the  average performance f o r  t he  same three sub- 
The 
g 6  
4 i 2 
3 
n 3.0 n c  EXP 2 
0 3.0 YC EXP I 
06.0 am 
0 2 4 6 8 10 12 
ANGULAR DISTANCE TO 10minheC CONTOUR, dag 
Figure 5.- Angular e r ror  i n  detecting aim point vs .  angular distance t o  
10 min/sec contour f o r  three d i f fe ren t  viewing times. 
After the f irst  experiment the  subjects were asked t o  comment on the  
s t ra tegy they found most e f fec t ive  i n  detecting t h e  aim point.  
there were s l i g h t  differences, a common s t ra tegy  emerged. 
ter ized by the  following s teps:  (1) the  subject would fixate the  center  of 
the pat tern and estimate the general location of t he  aim point,  (2)  after a, 
Although 
It can be charac- 
8 
variable  amount of time, inversely proportional t o  the  speed of expansion 
of the pat tern,  the subject would s h i f t  h i s  l i n e  of sight t o  h i s  i n i t i a l  
estimate of the aim point,  and ( 3 )  i n  t he  time remaining he would ref ine h is  
judgement by observing the  l o c a l  pat tern of motion. The, f rac t ion  of time 
spent i n  each of the  two modes appeared t o  be a function of the  expansion 
veloci ty .  
region; whereas at  t h e  low ra tes ,  usually all of the  time w a s  spent looking 
f o r  t he  general area of no movement. 
viewing time seemed t o  a f f ec t  mainlythe amount of time the subject was  able  
t o  spend refining h i s  i n i t i a l  judgement. 
t ions w i l l  be quantified by measuring t h e  subject ' s  eye posi t ion during a 
t rlal  . 
A t  the  high r a t e s ,  only a br ief  time w a s  needed t o  detect  the  general 
I n  the second experiment, t he  change i n  
In  fu ture  experiments these observa- 
DISCUSSION 
The high l i n e a r  correlat ion coefficients (0.96 t o  0.99) i n  t ab le  I 
generally confirmed the  hypothesis t h a t  t he  angular e r ro r  i n  detecting the 
aim point is a l i n e a r  function of the angular distance from the  aim point t o  
the  contour f o r  some low angular r a t e  of expansion. 
contour w a s  chosen as an independent var iable  i n  f igures  4 and 5 and tab le  I, 
but any other  contour of this magnitude would have given the same l i n e a r  
r e su l t  because for small angles the  angular r a t e  of the  dots is a l i n e a r  function 
of t he  angular distance from the  aim point t o  the  dots. 
The 10 min/sec (2.91 mrad/sec) 
I All the  curves indicate the existence of a constant e r ro r  of between 0 . 8 ~  
This e r ro r  might be due t o  carelessness i n  positioning the  tracking and 1.8O. 
dot ,  but more l i ke ly  it is a result of the f i n i t e  resolution of t he  dot pat tern.  
It i s  perhaps remarkable t h a t  the  average e r ro r  on the  high r a t e  condition, 
D/V = 3.75, w a s  l e s s  than the  2' spacing between dots on the  pat tern.  
t ex ture  density a f fec ts  the constant e r r o r  term. 
0 Future 
I experiments w i l l  include texture as a var iable  i n  order t o  determine how 
If the  constant e r ro r  is neglected, the  slopes of the  s t r a igh t  l ines  
indicate  that the  10 min/sec (2.91 mrad/sec) contour represents , approximately, 
a 99 percent confidence l i m i t  f o r  the aim point judgements. 
conclusion Haveron reached by considering thresholds f o r  detecting the angular 
motion of i so la ted  dots.  Therefore, it appears that  t h e  v isua l  s p a t i a  summa- 
t i o n  provided by a 30° (0.522 rad) f i e l d  of moving dots does not appreciably 
lower the  threshold f o r  detecting motion. The lack of any large difference 
between the  different  viewing times in the  second experiment indicates that 
any v i sua l  temporal summation effects within the  range of exposure times 
investigated a re  of l i t t l e  importance i n  estimating the  aim point. 
This is the same 
If we assume that  the LO min/sec contour does out l ine a 99 percent 
Confidence region and t h a t  the  data apply t o  a 3' approach, then the cross- 
hatched area of f igures  2 and 3 gives an idea of how accurately a p i l o t  can 
de tec t  h i s  aim point during a landing approach. This accuracy increases as 
t h e  p i l o t  nears the  aim point,  but it appears t o  be of marginal use u n t i l  the  
last f e w  thousand f e&. 
9 
CONCLUSION 
In  th i s  paper t h e  experimental f indings indicate  
an aim point within an area bounded by t h e  10 min/sec 
ments are planned t o  tes t  t h i s  predict ion i n  a flight 
t h a t  p i l o t s  can de tec t  
contour. Further experi- 
simulator. 
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